INTRODUCTION {#SEC1}
============

Most eukaryotic mRNAs undergo cap-dependent translation, but cap-independent translation processes exist as well ([@B1]), and may be utilized during viral-host interactions to hijack host translation machinery. Internal ribosome entry sites (IRES) in picornaviruses, including poliovirus (PV) and encephalomycarditis virus (EMCV), were first discovered in 1988 ([@B2],[@B3]), and it was shown that the IRES in the 5′ untranslated region (UTR) of the picornavirus RNA genome can direct translation in a cap-independent manner. In cells infected with certain picornaviruses, viral protease 2A^pro^ or L^pro^ can cleave the translation initiation factor eIF4G, causing rapid termination of most host cap-dependent translation processes ([@B4]). However, the cleavage product containing the C-terminal fragment of eIF4G can still bind eIF3 and eIF4A and recruit other eukaryotic translation initiation factors to form the 43S initiation complex, which can then recognize a sequence or RNA structure within the IRES to initiate translation at the authentic initiation codon ([@B5]).

Several cellular proteins that can bind and stabilize IRES structures and regulate IRES-driven translation have been reported, and these proteins are known as IRES *trans*-acting factors (ITAFs) ([@B6]). Polypyrimidine tract-binding protein 1 (PTBP1), autoantigen La (LARP), poly(rC) binding protein 2 (PCBP2), upstream of N-ras protein (Unr), serine/arginine-rich splicing factor 3 (SRSF3), nucleolin, heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1), double-stranded RNA binding protein 76 (ILF3), glycyl-tRNA synthetase (GARS), AU-rich element RNA binding factor 1 (HNRNPD), far upstream element-binding protein 1 (FUBP1, also known as FBP1), and far upstream element-binding protein 2 (KHSRP, also known as KH-type splicing regulatory protein, KSRP, FUBP2, FBP2 or P75) are known ITAFs that are functionally important to picornavirus translation ([@B7]). Most of these ITAFs are positive regulators of viral translation, but ILF3, HNRNPD, and KHSRP have been found to play negative roles. ILF3 is known to inhibit human rhinovirus type 2 (HRV2) IRES-driven translation ([@B8],[@B9]), while HNRNPD can bind to many picornaviruses, such as PV, coxsackievirus B3 (CVB3), HRV2 and enterovirus 71 (EV71) to negatively regulate viral translation ([@B10]--[@B12]). In a previous study, we also found that KHSRP inhibits EV71 translation ([@B13]). However, the exact mechanisms by which ITAFs, particularly negative ITAFs, act to regulate IRES-driven translation is worthy of further investigation, and may yield new insight regarding host-viral interactions and novel anti-viral strategies.

In this study, we used EV71 as a model to explore the negative regulatory mechanism of KHSRP in detail. EV71 is a positive single-strand RNA virus in the *Picornaviridae* family, and represents a potent emerging threat worldwide ([@B14]). EV71 infections normally cause mild diseases, such as hand-foot-and-mouth disease (HFMD) or herpangina. However, children under five years of age are particularly susceptible to the most severe forms of EV71-associated neurological complications, including aseptic meningitis, brainstem and/or cerebellar encephalitis, acute flaccid paralysis (AFP), myocarditis, and rapid fatal pulmonary edema and hemorrhage ([@B15]). We previously found that KHSRP is a negative regulator ([@B13]), while FUBP1 is a positive regulator of EV71 IRES-dependent translation ([@B16]). Moreover, the C-terminal of KHSRP is cleaved upon EV71 infection, and the cleaved form of KHSRP (KHSRP~1--503~) then becomes a positive regulator of EV71 IRES-driven translation ([@B17]). As an important adenosine--uridine element-binding protein (ARE-BP) that can interact with many AREs ([@B18],[@B19]), KHSRP contains four K-homologous domains in its central domain, of which KH3 and KH4 are essential to promote mRNA decay ([@B20]). In addition, KHSRP is also involved in diverse biological roles, such as regulating the post-transcriptional modification of type I interferon genes to render cells impervious to herpes simplex virus type 1 (HSV1) and vesicular stomatitis virus (VSV) infection ([@B21]), or participating in miRNA biogenesis ([@B22]). Moreover, KHSRP is a component of both the Drosha and Dicer complexes, and it can bind to the terminal loop sequence of miRNA precursors to promote their maturation ([@B23]).

Ubiquitin is a 76-amino acid polypeptide that can be covalently attached to lysine residues in substrate proteins. Ubiquitination involves three enzymes that respectively govern the activation (E1), conjugation (E2) and ligation (E3) of monoubiquitin or polyubiquitin to substrate proteins, thereby altering protein function or activating ubiquitin proteasome pathways ([@B24]). An important post-translational process that regulates protein degradation and signaling in gene transcription, nuclear transport, cargo sorting, endocytosis, autophagy, DNA repair and the immune response ([@B25]), ubiquitination is known to regulate cap-dependent translation as well ([@B26]--[@B28]), but the role of ubiquitination in IRES-driven translation has not been studied extensively as yet.

In this study, we sought to understand how KHSRP acts as a negative regulator in EV71 IRES-driven translation, particularly as a similar protein, FUBP1, which differs from KHSRP in its C-terminal domain, is known to act as a positive ITAF. In virus-infected cells, KHSRP is cleaved and the resulting cleavage product (with the C-terminal domain removed) acts as a positive ITAF instead. We utilized iTRAQ-LC-MS/MS analysis to compare the KHSRP-associated proteins that differ from FUBP1 and truncated KHSRP, and thus identified Kelch-like protein 12 (KLHL12), which serves as a substrate adaptor for the cullin 3 (CUL3)-based ubiquitin--protein E3 ligase complex ([@B29]--[@B31]). Cullin-RING E3 ubiquitin ligases (CRLs) are the largest family of E3 ligases, and seven cullin proteins (CUL1, CUL2, CUL3, CUL4A/4B, CUL5, CUL7 and CUL9) are known to serve as scaffold proteins in CRLs. The C-terminal domain of cullin binds a RING finger protein (RBX1 or RNF7) that can interact with E2 to mediate ubiquitin transfer to the substrate. The N-terminal of cullin binds to different substrate adaptors to recruit different proteins ([@B32]).

We found that KLHL12 can differentially interact with KHSRP and promote KHSRP ubiquitination. We then sought to elucidate how KLHL12-mediated KHSRP ubiquitination affects IRES-driven translation. This led us to identify a hitherto undescribed regulatory mechanism of IRES-driven translation involving ubiquitination---namely, the regulation of IRES-dependent translation via ubiquitin modulation of ITAFs. Our findings are expected to have important implications for future research regarding viral-host interactions, and may also help to identify novel drug targets for anti-viral therapies.

MATERIALS AND METHODS {#SEC2}
=====================

Plasmid construction {#SEC2-1}
--------------------

The pFLAG-CMV2-FUBP1, KHSRP and KHSRP~1--503~ plasmids were constructed as follows: cDNA from FUBP1, KHSRP and KHSRP~1--503~ was amplified by PCR from constructs described previously ([@B16],[@B17]). The cDNA of FUBP1 was inserted into the *Not*I and *Eco*RV sites of pFLAG-CMV2 vector. The cDNA of KHSRP and KHSRP~1--503~ were subcloned between the *Eco*RI and *Eco*RV sites of pFLAG-CMV2 vector. The KHSRP mutants (residues Lys71, Lys87, Lys109, Lys121, Lys122, Lys251, Lys628, Lys646 and Lys654 were replaced by arginine) were generated by site-directed mutagenesis. KLHL12 was amplified by RT-PCR from the RNA of RD cells. Cloned human KLHL12 cDNA was verified by sequencing and confirmed to be the same as that deposited in GenBank (NM_021633). The cDNA of KLHL12, KLHL12ΔBTB and KLHL12ΔKelch were subcloned to the *Eco*RI and *Kpn*I sites of the pCMV-HA or pcDNA3.1/myc-His (+) A vector. pcDNA3-HA-Ub (WT) and Ub (KO) were provided by Dr Rei-Lin Kuo and Dr. Chen Zhao. pcDNA3-Myc-CUL3 and pcDNA3-Myc-CUL3ΔRBX1 were gifts from Dr Hsiu-Ming Shih. GST-CUL3 and pcDNA3-3×Myc-RBX1 were gifts from Dr Ruey-Hwa Chen. pCRII-TOPO-EV71 5′ UTR and pGL3-EV71 5′ UTR-FLuc were constructed as previously described ([@B13],[@B16]). EV71 replicon 3D^D330A^ was mutated from the EV71 replicon by site-directed mutagenesis as previously described ([@B17]).

Antibodies {#SEC2-2}
----------

Anti-FLAG M2 (F3165), anti-Myc (M4439) and anti-HA (H9658) antibodies were purchased from Sigma-Aldrich. Anti-KLHL12 (GTX83228), anti-CUL3 (GTX62065), anti-cyclin B1 (GTX100911), anti-β-catenin (GTX101435) and anti-streptavidin HRP (GTX85912) antibodies were obtained from GeneTex. Anti-actin (MAB1501) antibody was purchased from Merck Millipore. Anti-KHSRP (A302-021A) antibody was purchased from Bethyl Laboratories. Anti-PTBP1 (sc-16547) antibody was obtained from Santa Cruz Biotechnology. Anti-His (OB05) antibody was purchased from CalBioChem. Anti-PCBP2 antibody was a gift from Dr Ian Goodfellow. Anti-EV71 2B antibody was provided by Dr Jim-Tong Horng.

Cell culture and virus infection {#SEC2-3}
--------------------------------

Human muscle rhabdomyosarcoma (RD) and 293T cells were cultured at 37°C in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco) containing 10% fetal bovine serum (FBS; Gibco). RD cells with 80--90% confluency were challenged with EV71 (strain Tainan/4643/98) at a multiplicity of infection (MOI) of 10 PFU per cell. After 1 h of adsorption at 37°C in serum-free DMEM, cells were washed with PBS and incubated with DMEM containing 2% FBS. Stable RD cell lines were generated by lentivirus transduction.

Lentiviral vector preparation {#SEC2-4}
-----------------------------

The two shRNA constructs used for knockdown of KHSRP are described as follows: the sequence targeting nt 813--837 of human KHSRP mRNA (shKHSRP \#1, 5′-CACATTCGTATTCTGAGATCCGTCC-3′) was constructed in the pLKO_TRC005 vector, and shKHSRP \#2 (TRCN0000013253) was purchased from the Taiwan National RNAi Core Facility, Academia Sinica. The pLKO.1-shLacZ control plasmid used was TRCN0000072224 (shLacZ). For lentivirus preparation, X-treme GENE transfection reagent (Roche) was used in 293T cells with different shRNA constructs and two helper plasmids, pMD.G and pCMVΔR8.91. The culture supernatants containing the viral particles were harvested, and then the RD cells were transduced with shKHSRP lentivirus for 24 h and selected with puromycin (5 μg/ml). The procedure was conducted in accordance with the recommended protocol on the Taiwan National RNAi Core Facility website (<http://rnai.genmed.sinica.edu.tw/webContent/web/protocols/wicket:pageMapName/wicket-0>).

Protein identification and iTRAQ LC/LC mass spectrometry {#SEC2-5}
--------------------------------------------------------

Details are described in the Supplementary Data.

Immunoprecipitation assay {#SEC2-6}
-------------------------

RD or 293T cells were transfected with plasmids from the X-treme GENE transfection reagent (Roche) according to the manufacturer\'s instructions. After 48 h post-transfection, cells were harvested using lysis buffer (50 mM Tris--HCl, pH 7.4, with 150 mM NaCl, 1 mM EDTA, and 1% Triton-X-100), placed for 30 min on ice, centrifuged at 12 000 × *g* for 10 min, and subsequently incubated with Anti-FLAG M2 affinity gel (Sigma) for 16 h at 4°C. The Anti-FLAG M2 affinity gel was washed five times with wash buffer (50 mM Tris--HCl, pH 7.4, with 150 mM NaCl). The immunoprecipitation complex was eluted by 2× sample buffer (125 mM Tris--HCl, pH 6.8, with 4% SDS, 20% (v/v) glycerol, and 0.004% bromophenol blue) or in competition with 3× FLAG peptides. Bound proteins were subjected to SDS-PAGE and analyzed by western blotting using specific antibodies. For the *in vivo* ubiquitination assay, 293T cells were co-transfected with ubiquitin fused with HA tags (HA-Ub), and treated with 20 μM MG132 (Sigma) for 4 h before harvesting. Cells were lysed with lysis buffer containing 5 mM of *N*-ethylmaleimide (Sigma), and immunoprecipitated with Anti-FLAG M2 affinity gel. The ubiquitinated proteins were detected by western blot using anti-HA antibodies.

*In vitro* transcription {#SEC2-7}
------------------------

T7-EV71 5′ UTR was excised from the pCRII-TOPO vector via cleavage with *Eco*RI. pGL3-EV71 5′ UTR-FLuc was linearized by *Xba*I as a template for generating EV71 5′ UTR- FLuc RNA. The EV71 replicon, 3D^D330A^, was linearized by *Sal*I. RNA transcript probes were synthesized using a MEGAscript T7 kit (Thermo Fisher Scientific), according to the protocol recommended by the manufacturer. Biotinylated EV71 5′ UTR RNA probes were synthesized with 1.25 μl 10 mM Biotin-16-UTP (Roche) in a MEGAscript reaction, according to instructions provided by the manufacturer. RNA transcripts were purified using an RNeasy Mini kit (Qiagen).

RNA-protein pull-down assay {#SEC2-8}
---------------------------

RD cell extracts (200 μg), 12.5 pM of a biotinylated EV71 5′ UTR RNA probe, and recombinant PTBP1, FUBP1 and PCBP2 were mixed together, and the mixture (with a final volume of 100 μl), which contained 5 mM HEPES pH 7.1, 40 mM KCl, 0.1 mM EDTA, 2 mM MgCl~2~, 2 mM DTT and 0.25 mg/ml heparin (RNA mobility shift buffer), was incubated for 15 min at 30°C, and then added to 400 μl of Streptavidin MagneSphere Paramagnetic Particles (Promega) for binding at room temperature for 10 min. The protein-RNA complexes were washed five times with heparin-free RNA mobility shift buffer, after which 30 μl of 2× sample buffer was added to the beads and allowed to incubate for 10 min at room temperature. The sample containing the eluted proteins was incubated at 95°C for 5 min and resolved on a 12% gel by SDS-PAGE. The interactions were detected by western blot using specific antibodies.

Fluorescence microscope analysis {#SEC2-9}
--------------------------------

Fluorescence microscope analysis was performed as previously described ([@B16]). RD cells were infected with EV71 at 10 MOI. After 6 h post-infection, cells were washed with PBS and fixed with 3.7% formaldehyde for 20 min at room temperature. Cells were permeabilized and immunostained with anti-KHSRP, anti-KLHL12 and anti-EV71 2B antibodies, and then stained with Alexa Fluor 488 goat anti-rabbit (Invitrogen, A11008), Alexa Fluor 647 goat anti-mouse (Invitrogen, A21235) or Alexa Fluor 568 goat anti-rat (Invitrogen, A11077) secondary antibodies. The nucleus was stained with DAPI. The cells were examined under a confocal laser-scanning microscope (Zeiss; LSM 510 NLO).

*In vitro* ubiquitination assay {#SEC2-10}
-------------------------------

*In vitro* ubiquitination assays were performed using an ubiquitination kit (Enzo Life Science), according to the protocol provided by the manufacturer. FLAG-KHSRP WT and FLAG-KHSRP (K109, 121, 122R) proteins were purified by Anti-FLAG M2 affinity gel and eluted by 3× FLAG peptides. GST-CUL3, 3×Myc-RBX1, and Myc-KLHL12 (or Myc-KLHL12ΔKelch) were co-transfected to 293T cells, and then purified with Glutathione Sepharose 4 Fast Flow beads (GE Healthcare Life Sciences). The KLHL12--CUL3--RBX1 complex (or KLHL12ΔKelch--CUL3--RBX1 complex) bound on the beads was incubated with KHSRP, E1, E2 (UbcH5a), biotin--ubiquitin, Mg-ATP and ubiquitination buffer at 37°C for 1 h. The beads were resuspended in buffer containing 2% SDS, 10 mM Tris--HCl (pH 8.0), 150 mM NaCl and 1 mM DTT at 95°C for 5 min. The supernatant was diluted 5-fold with buffer (10 mM Tris--HCl (pH 8.0), 150 mM NaCl and 1 mM DTT) before immunoprecipitation with anti-FLAG antibodies. The immunoprecipitation samples were eluted by sample buffer and subjected to western blotting, and ubiquitinated proteins were analyzed using anti-streptavidin HRP.

(^35^S)-methionine labeling assay {#SEC2-11}
---------------------------------

shKHSRP knockdown cells were transfected with different FLAG-KHSRP expression vectors. After 24 h, 2.5 × 10^5^ RD cells were seeded into each well of a 12-well plate and incubated at 37°C for an additional 24 h before infection with EV71 at a MOI of 10 PFU per cell. The medium was replaced with methionine-free DMEM and incubation was continued at 37°C for 1 h before labeling with (^35^S) methionine, conducted by replacing the medium with methionine-free DMEM containing (^35^S)-Met for labeling (50 μCi/ml). The cells were washed with PBS and lysed with lysis buffer after 1 h of labeling. The cell lysates were centrifuged at 10 000 × *g* for 10 min at 4°C, and then the supernatants were subjected to SDS-PAGE, transferred to a PVDF membrane, and detected by autoradiography. The same membrane was also used for western blotting.

*In vivo* and *in vitro* IRES activity assay {#SEC2-12}
--------------------------------------------

For the *in vivo* IRES activity assay, pFLAG-CMV2 vector, pFLAG-CMV2-KHSRP or KHSRP (K109, 121, 122R) plasmids were transfected to RD shKHSRP knockdown cells. After 48 h post-transfection, cells were transfected with 0.5 μg EV71 replicon 3D^D330A^ RNA, following which cells were harvested using 5× cell culture lysis buffer (Promega), and then assayed for Firefly luciferase (FLuc) activity. The *in vitro* IRES activity assay was performed in a final volume of 25 μl containing 0.25 μg RNA, 250 ng KHSRP proteins, 60% volume of RD shKHSRP knockdown cell translation extracts, translation mixture (10 mM creatine phosphate, 50 μg/ml creatine phosphokinase, 79 mM KOAc, 0.5 mM Mg(OAc)~2~, 2 mM DTT, 0.02 mM hemin, 0.5 mM spermidine), 20 mM HEPES--KOH (pH 7.6), 20 μM amino acid mixture (Promega), 0.4 mM ATP (Promega) and RNase inhibitor. The mixtures were incubated at 30°C for 90 min and measured for FLuc activity by the Luciferase Assay System (Promega).

Preparation of RD cell translation extracts {#SEC2-13}
-------------------------------------------

RD shLacZ and shKHSRP knockdown cells were grown to 90% confluence. The cells were washed and scraped with PBS, and then centrifuged at 300 × *g* for 10 min at 4°C. The cell pellets were resuspended in 1.5× volume of hypotonic lysis buffer containing 10 mM HEPES--KOH (pH 7.6), 10 mM KOAc, 0.5 mM Mg(OAc)~2~, 2 mM DTT and 1x protease inhibitor cocktail (Roche), and the mixture was placed on ice for 30 min, then homogenized with a 27-gauge 1/2-in. needle. Cell extracts were centrifuged at 10 000 × *g* for 20 min at 4°C and stored at −80°C.

Quantitative RT-PCR {#SEC2-14}
-------------------

Total RNA from the indicated cells was purified using the RNeasy mini Kit (QIAGEN). One μg of the RNA was used as a template to synthesize cDNAs with ReverTra Ace (TOYOBO). The Roche LightCycler^®^ 480 System and KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems) were deployed for quantitative detection of nucleic acids. To detect EV71 5′ UTR by real-time PCR, a set of primers was designed (forward 5′-CCCTGAATGCGGCTAATC-3′; reverse 5′-ATTGTCACCATAAGCAGCCA-3′), and actin was used as an internal control (Primers: forward 5′-GCTCGTCGTCGACAACGGCTC-3′; reverse 5′-CAAACATGATCCTGGGTCATCTTCTC-3′).

Expression and purification of PTBP1, FUBP1 and PCBP2 {#SEC2-15}
-----------------------------------------------------

Experimental procedures were reported previously ([@B13],[@B16]).

Statistical analysis {#SEC2-16}
--------------------

Experimental data were analyzed by Student\'s two-tailed unpaired *t*-test using GraphPad Prism 6 software. *P*-values \<0.05 were considered to be statistically significant.

RESULTS {#SEC3}
=======

Identification of KHSRP-associated proteins by iTRAQ--LC--MS/MS analysis {#SEC3-1}
------------------------------------------------------------------------

Our previous studies demonstrated that KHSRP is a negative regulator for viral IRES-dependent translation, whereas a similar protein, FUBP1, which differs from KHSRP in its C-terminal domain, is a positive regulator of viral translation ([@B13],[@B16]). Moreover, KHSRP is cleaved in EV71-infected cells, and the truncated KHSRP without its C-terminal then acts as a positive regulator ([@B17]). Figure [1A](#F1){ref-type="fig"} illustrates the differences between FUBP1, KHSRP and the truncated form of KHSRP (KHSRP~1--503~). All of them contain KH1 to KH4 domains in the central region that are responsible for RNA binding. The central region of FUBP1 and KHSRP share approximately 80% sequence homology. The N-terminal domain contains a nuclear localization signal (NLS) that is responsible for protein trafficking. The C-terminal domains of FUBP1 and KHSRP respectively contain three and four repeat tyrosine-rich motifs. Importantly, the C-terminal domains of FUBP1 and KHSRP share only 60% sequence homology ([@B33]).

![Identification of KHSRP-associated protein by iTRAQ--LC--MS/MS analysis. (**A**) Schematic illustration of FUBP1, KHSRP and KHSRP~1--503~. (**B**) Flow chart for identification of KHSRP-associated proteins by iTRAQ-based proteomics analysis.](gkw1042fig1){#F1}

To understand why KHSRP plays a negative role in the regulation of EV71 IRES-dependent translation, we attempted to identify the KHSRP-associated proteins that vary from FUBP1 and KHSRP~1--503~. FLAG-fused FUBP1, KHSRP or KHSRP~1--503~ or a vector control, were respectively transfected into human rhabdomyosarcoma (RD cells). The cells were then challenged with EV71 (10 multiplicity of infection, MOI) and cell lysates were collected at 6 hours post-infection. Following FLAG immunoprecipitation, the precipitants underwent digestion with trypsin, and were subsequently labeled with iTRAQ reagent. After liquid chromatography--mass spectrometry (LC--MS/MS) analysis (Figure [1B](#F1){ref-type="fig"}), we compared the different associated proteins in these four groups. KHSRP/KHSRP~1--503~ and KHSRP/FUBP1 ratios were normalized to the median and expressed as log~2~ values. Standard deviations (SD) of log~2~ ratios were calculated for each data set. Proteins with log~2~ ratios \>2 standard deviations (2SD) from the mean were considered to be upregulated candidates. In the KHSRP/KHSRP~1--503~ and KHSRP/FUBP1 data sets, 2-fold and 4-fold increases were respectively used as cut-off values for selecting upregulated candidates. Table [1](#tbl1){ref-type="table"} summarizes the different associated proteins between KHSRP and KHSRP~1--503~, and Table [2](#tbl2){ref-type="table"} outlines the differences in associated proteins between KHSRP and FUBP1. Among those proteins, KLHL12 and heterogeneous nuclear ribonucleoprotein C-like 1 protein (HNRNPCL1) appear in both tables. We proceeded to select KLHL12 for further study, as it had a higher ranking in terms of KHSRP/KHSRP~1--503~ (Table [1](#tbl1){ref-type="table"}) and KHSRP/FUBP1 (Table [2](#tbl2){ref-type="table"}) ratios than the other proteins identified.

###### Comparison of associated proteins between KHSRP and KHSRP~1--503~

  Accession no.   Gene symbol   Description                                                   Coverage   Unique peptides   KHSRP/KHSRP~1--503~ (115/116)
  --------------- ------------- ------------------------------------------------------------- ---------- ----------------- -------------------------------
  Q96EP5          DAZAP1        DAZ associated protein 1                                      38.82      15                15.540
  Q16637          SMN1          Survival of motor neuron 1                                    23.81      4                 4.907
  Q53G59          KLHL12        Kelch-like protein 12                                         24.65      10                4.802
  Q16630          CPSF6         Cleavage and polyadenylation specific factor 6                22.87      9                 3.898
  O43809          NUDT21        Cleavage and polyadenylation specific factor 5                50.66      11                3.549
  O60812          HNRNPCL1      Heterogeneous nuclear ribonucleoprotein C-like 1              37.88      2                 2.919
  P09234          SNRPC         Small nuclear ribonucleoprotein polypeptide C                 25.79      5                 2.389
  Q15637          SF1           Splicing factor 1                                             12.36      7                 2.342
  Q9Y3E5          PTRH2         Peptidyl-tRNA hydrolase 2, mitochondrial                      18.44      2                 2.265
  P61254          RPL26         60S ribosomal protein L26                                     52.41      3                 2.232
  Q8N684          CPSF7         Cleavage and polyadenylation specific factor 7                41.4       17                2.161
  Q16718          NDUFA5        NADH:ubiquinone oxidoreductase subunit A5                     24.14      2                 2.092
  P49756          RBM25         RNA binding motif protein 25                                  6.17       3                 2.025
  Q13325          IFIT5         Interferon-induced protein with tetratricopeptide repeats 5   4.98       2                 2.002

###### Comparison of associated proteins between KHSRP and FUBP1

  Accession no.   Gene symbol   Description                                                    Coverage   Unique peptides   KHSRP/FUBP1 (115/114)
  --------------- ------------- -------------------------------------------------------------- ---------- ----------------- -----------------------
  P17096          HMGA1         High mobility group AT-hook 1                                  36.45      3                 17.499
  Q9BRP8          PYM1          Partner of Y14 and Mago                                        28.92      5                 11.828
  Q9HC36          MRM3          Mitochondrial rRNA methyltransferase 3                         16.67      5                 6.716
  Q92945          KHSRP         Far upstream element-binding protein 2                         80.73      55                6.464
  Q53G59          KLHL12        Kelch-like protein 12                                          24.65      10                6.406
  P98179          RBM3          RNA binding motif (RNP1, RRM) protein 3                        60.51      7                 5.814
  O60812          HNRNPCL1      Heterogeneous nuclear ribonucleoprotein C-like 1               37.88      2                 5.541
  O75127          PTCD1         Pentatricopeptide repeat domain 1, mitochondrial               23.29      10                5.312
  Q9ULV0          MYO5B         Myosin VB                                                      1.14       2                 4.995
  Q9H9L3          ISG20L2       Interferon stimulated exonuclease gene 20 like 2               12.18      3                 4.986
  Q14011          CIRBP         Cold-inducible RNA-binding protein                             49.42      9                 4.762
  Q4U2R6          MRPL51        Mitochondrial ribosomal protein L51                            21.09      3                 4.469
  Q8IVS2          MCAT          Malonyl-CoA-acyl carrier protein transacylase, mitochondrial   10         2                 4.445
  P25398          RPS12         40S ribosomal protein S12                                      73.48      10                4.304
  Q96I51          RCC1L         Williams-Beuren syndrome chromosome region 16                  35.99      10                4.232
  Q9BQ75          CMSS1         Cms1 ribosomal small subunit                                   5.73       2                 4.219
  O95900          TRUB2         TruB pseudouridine synthase family member 2                    65.26      16                4.216
  Q7Z7H8          MRPL10        Mitochondrial ribosomal protein L10                            27.2       3                 4.072

Confirmation of the interaction between KHSRP and KLHL12 {#SEC3-2}
--------------------------------------------------------

To confirm the interaction between KHSRP and KLHL12, we performed immunoprecipitation (IP) and western blot analysis. FLAG-fused FUBP1, KHSRP, KHSRP~1--503~, or a vector control, were respectively transfected into RD cells, and then challenged with EV71 (10 MOI). Anti-FLAG M2 affinity gel was used to immunoprecipitate the associated proteins. KLHL12 antibody was then applied in western blot analysis. The results in Figure [2A](#F2){ref-type="fig"} demonstrate that KLHL12 was present in KHSRP precipitant (lane 3), but not in FUBP1 precipitant (lane 2) or in FLAG precipitant (vector control) (lane 1). There is a weak band in KHSRP~1--503~ precipitant (lane 4), indicating that truncation of the KHSRP C-terminal domain reduced the interaction with KLHL12. Since KHSRP is an RNA-binding protein, we sought to examine whether the interaction between KHSRP and KLHL12 is dependent on RNA. We conducted a similar experiment as the one for Figure [2A](#F2){ref-type="fig"}, but further added RNase A to each reaction. The appearance of KLHL12 in KHSRP immunoprecipitant remains quite clear (Figure [2B](#F2){ref-type="fig"}, lane 3), suggesting that the interaction between KHSRP and KLHL12 can occur without RNA.

![Interaction between KHSRP and KLHL12. (**A** and **B**) RD cells were transfected with DNA constructs of FLAG only, FUBP1, KHSRP or KHSRP~1--503~ fused with FLAG-tags, and cells were infected with 10 MOI EV71 after 48 h; cell extracts were harvested at 6 hours post-infection, and total lysates (**A**) and RNase A treated lysates (**B**) were incubated with Anti-FLAG M2 affinity gel. FUBP1, KHSRP and KHSRP~1--503~ bound proteins were analyzed by SDS-PAGE and western blot. The amount of input was 5% of total IP lysates. (**C**) EV71 5′ UTR RNA was labeled with biotin and transcribed *in vitro*. RD cell lysates were incubated with biotinylated RNA probes, increasing amounts of nonbiotinylated EV71 5′ UTR RNA (lanes 2, 4--6) or yeast tRNA (lanes 8, 10--12). The RNA-protein complex was pulled down by streptavidin beads and resolved by SDS-PAGE. Antibodies against KHSRP and KLHL12 were utilized in western blot analysis. (**D**) KHSRP was observed to co-localize with KLHL12 in EV71-infected cells. RD cells were mock-infected or infected with 10 MOI EV71 for 6 h, fixed and stained with DAPI and antibodies against KHSRP, KLHL12 and EV71 viral protein 2B, and then examined by confocal microscopy. The arrow indicates the colocalization of KHSRP and KLHL12. Scale bar: 10 μm. (**E**) Schematic diagram of the wild type and truncated forms of KLHL12 protein. RD cells were transfected with FLAG-KHSRP and truncated forms of KLHL12 with HA-tags. Cell lysates were harvested after 48 h post-transfection and were immunoprecipitated with Anti-FLAG M2 affinity gel. The immunoprecipitates were analyzed by western blot using anti-HA and anti-FLAG antibodies. IP, immunoprecipitation. IB, immunoblot.](gkw1042fig2){#F2}

As KHSRP is an ITAF for the EV71 IRES ([@B13]), we wished to ascertain whether KLHL12 associates with the KHSRP-IRES complex. Viral RNA containing the IRES sequence was labeled with biotin, and streptavidin beads were then used to pull down the biotinylated RNA and its associated proteins. Western blot analysis using specific antibodies revealed that KHSRP was present in the complex bound by the EV71 IRES, but KLHL12 may not associate with the EV71 IRES directly (Figure [2C](#F2){ref-type="fig"}). We further examined the localization of KHSRP and KLHL12 in EV71-infected cells, and found that in mock-infected cells, KHSRP localized in the nucleus; whereas KLHL12 localized in the cytoplasm. However, upon virus infection, KHSRP relocalized from the nucleus to the cytoplasm, where it colocalized with KLHL12 (Figure [2D](#F2){ref-type="fig"}). KLHL12 is a substrate-specific adapter in the cullin 3 (CUL3)-based ubiquitin--protein E3 ligase complex ([@B29]--[@B31]). It contains BTB (Broad-Complex, Tramtrack and Bric a brac), BACK (BTB and C-terminal Kelch) and Kelch domains, as illustrated in Figure [2E](#F2){ref-type="fig"}. It has been known that the BTB domain is required for interacting with CUL3, while the Kelch domain is responsible for substrate binding ([@B34]). Therefore, we introduced a deletion mutation into the Kelch domain, and examined the binding ability of the derived mutant. KLHL12 lacking the BTB domain was used as a control. As the results in Figure [2E](#F2){ref-type="fig"} demonstrate, KLHL12 wild-type and ΔBTB mutant were pulled down by FLAG antibody against FLAG-KHSRP, but not KLHL12ΔKelch, indicating that the Kelch domain is important for the interaction between KHSRP and KLHL12 (Figure [2E](#F2){ref-type="fig"}).

KLHL12-based CUL3 complex promotes KHSRP ubiquitination {#SEC3-3}
-------------------------------------------------------

It has been known that KLHL12 serves as a substrate-specific adaptor for the CUL3-based ubiquitin E3 ligase complex. Therefore, we co-transfected FLAG-KHSRP, Myc-KLHL12 and Myc-CUL3 into cells, and then examined the complex formation in the FLAG immunoprecipitant. The results in Figure [3A](#F3){ref-type="fig"} show that KHSRP associated with KLHL12 and the CUL3 complex. To ascertain whether such interactions affected KHSRP ubiquitination, we co-transfected FLAG-KHSRP and HA-ubiquitin (HA-Ub) into cells, and treated them with MG132 for an additional 4 h before harvesting. Cell lysates were subjected to anti-FLAG IP and western blot, and then HA antibody was used to monitor the ubiquitination of KHSRP (Figure [3B](#F3){ref-type="fig"}). Ubiquitinated KHSRP was clearly observed when cells were transfected with FLAG-KHSRP, HA-Ub, Myc-KLHL12 and Myc-CUL3 (lane 5). When CUL3 was replaced by CUL3ΔRBX1, a mutant CUL3 without the interacting domain that binds with RBX1 (a component that promotes binding to the E2 conjugating enzyme), ubiquitination was reduced (lane 6). Incidentally, levels of ubiquitinated KHSRP were low in the input, as it was not possible to directly detect the major modification of KHSRP (indicative of ubiquitination) in immunoblots using anti-FLAG antibody, despite increasing input levels to 10% of IP lysates, the maximum loading volume (Supplementary Figure S1).

![KHSRP can be ubiquitinated by the KLHL12-based CUL3 complex. (**A**) KHSRP was found to form a complex with KLHL12 and CUL3. FLAG-KHSRP, Myc-KLHL12 and Myc-CUL3 expression vectors were co-transfected to 293T cells. The cell lysates were immunoprecipitated with Anti-FLAG M2 affinity gel, and then analyzed by western blot using anti-Myc and anti-FLAG antibodies. (**B**) 293T cells were co-transfected with FLAG-KHSRP, HA-Ub, Myc-KLHL12, Myc-CUL3 or Myc-CUL3ΔRBX1, and then treated with 20 μM MG132 for 4 h before harvesting. Cell lysates were immunoprecipitated with Anti-FLAG M2 affinity gel and resolved by SDS-PAGE, and KHSRP ubiquitination was detected by anti-HA antibody. The asterisk (\*) represents the major modification of KHSRP. KHSRP, KLHL12, CUL3 and CUL3ΔRBX1 were visualized by individual antibodies against FLAG, KLHL12 and Myc. (**C**) Various constructs expressing KHSRP, Ub, KLHL12 or KLHL12 truncated form (KLHL12ΔKelch) were co-transfected to 293T cells. After 48 h, cells were treated with 20 μM MG132 for 4 h before harvesting, and lysates were then subjected to immunoprecipitation using Anti-FLAG M2 affinity gel. KHSRP ubiqitination was assessed by western blot, and KHSRP, KLHL12 and KLHL12ΔKelch were visualized using anti-FLAG and anti-Myc antibodies. (**D**) 293T cells were co-transfected with various indicated constructs and subsequently treated with 20 μM MG132 for 4 h before harvesting. Western blots were utilized to analyze ubiquitinated proteins. The asterisk (\*) represents the major modification of KHSRP. The circle represents the major modification of KHSRP~1-503~. For both (**C**) and (**D**), levels of KHSRP or KHSRP~1--503~ with major modification were respectively normalized against levels of FLAG-KHSRP or FLAG-KHSRP~1--503~, and fold-changes over control reactions without KLHL12 were calculated and plotted.](gkw1042fig3){#F3}

To further confirm that the interaction between KHSRP and KLHL12 is important for the ubiquitination of KHSRP, we examined cells overexpressing either KLHL12 or KLHL12ΔKelch, a mutant shown in Figure [2E](#F2){ref-type="fig"} to reduce the interaction between KHSRP and KLHL12. The results in Figure [3C](#F3){ref-type="fig"} reveal that KLHL12 promotes KHSRP ubiquitination (comparing lanes 4 and 5). Such an effect was not observed in KLHL12ΔKelch overexpressed cells (lane 6). We also overexpressed either KHSRP or KHSRP~1--503~ with ubiquitin and KLHL12 (Figure [3D](#F3){ref-type="fig"}). The results show that ubiquitination of KHSRP was reduced in the absence of the C-terminal domain (comparing lanes 2 and 4), and KLHL12 was unable to induce ubiquitination of KHSRP~1--503~ (comparing lanes 4 and 5). To understand the topology of KHSRP ubiquitination, plasmids encoding FLAG-KHSRP, HA-Ub wild type (WT) or lysine-free (KO) were co-transfected into 293T cells, and cell lysates were immunoprecipitated with anti-FLAG affinity gel. A major modification of KHSRP was observed in cells co-transfected with KHSRP and Ub WT (Supplementary Figure S2, lane 4), but not in cells co-transfected with the Ub KO construct (lane 6). Based on molecular weight, the major modification of KHSRP is speculated to be di-ubiquitination. Taken together, the data demonstrates that the KLHL12-based CUL3 ubiquitin ligase complex promotes KHSRP ubiquitination, in a manner that is dependent on the existence of the Kelch domain of KLHL12 and the C-terminal domain of KHSRP, regions that are also important for KHSRP--KLHL12 interaction.

K109, K121, K122 are potential ubiquitination sites in KHSRP {#SEC3-4}
------------------------------------------------------------

In order to identify the main sites of ubiquitination on KHSRP, we mutated lysine residues to ascertain the variants that could block KHSRP ubiquitination by the KLHL12-based CUL3 ubiquitin ligase complex. Five lysine residues (Lys109, Lys251, Lys628, Lys646 and Lys654) were predicted as ubiquitination sites of KHSRP via proteomics analysis (Figure [4A](#F4){ref-type="fig"}) ([@B35]). These lysine residues were replaced by arginine, and the respective variant constructs were then co-transfected with HA-Ub to 293T cells. The ubiquitination of KHSRP K109R was reduced in comparison to wild type (WT) (Figure [4B](#F4){ref-type="fig"}, lanes 2 and 3), but this was not seen for the KHSRP K251R, K628R, K646R, or K654R variants (Figure [4B](#F4){ref-type="fig"}, lanes 4--7). In preparation for the mutation of other lysine residues adjacent to Lys109, five lysine residues were identified in the N-terminal region of KHSRP (Figure [4A](#F4){ref-type="fig"}). We replaced all five lysine residues with arginine at positions 71, 87, 109, 121, 122 in the N-terminal region of KHSRP (N-ter. 5K5R) and generated a triple mutation variant, KHSRP (K109, 121, 122R). The ubiquitination levels of KHSRP (N-ter. 5K5R) and KHSRP (K109, 121, 122R) were reduced in comparison to KHSRP WT (Figure [4C](#F4){ref-type="fig"}). In addition, we generated a KHSRP (K121, 122R) variant to assess the contribution of the Lys121 and Lys122 residues to KHSRP ubiquitination (Supplementary Figure S3). The results indicate that KHSRP (K121, 122R) has lower ubiquitination levels as compared to KHSRP WT and KHSRP K109R; however, ubiquitination levels of KHSRP (K109, 121, 122R) remained lower than KHSRP (K121, 122R), as can be compared from immunoblotting results of the major modification of KHSRP (indicated by an asterisk in Supplementary Figure S3).

![Potential ubiquitination sites of KHSRP. (**A**) A schematic diagram of predicted ubiquitination sites in KHSRP is shown. (**B, C**) Indicated constructs expressing different KHSRP mutants were co-transfected with HA-Ub to 293T cells, then immunoprecipitated with Anti-FLAG M2 affinity gel and analyzed by western blotting. (**D**) GST-CUL3, 3×Myc-RBX1 and Myc-KLHL12 (or Myc-KLHL12ΔKelch) were co-transfected to 293T cells, and then pulled down by glutathione Sepharose beads. The E3 ligase complex was incubated with E1, E2, Biotin-Ub, and KHSRP WT or K109, 121, 122R with FLAG tags. The ubiquitination reactions were further subjected to FLAG-immunoprecipitation and were resolved by SDS-PAGE. KHSRP ubiquitination was detected by anti-streptavidin HRP antibody.](gkw1042fig4){#F4}

An *in vitro* ubiquitination assay was applied to further confirm the ubiquitination status of KHSRP. FLAG-KHSRP WT or FLAG-KHSRP (K109, 121, 122R) proteins were incubated with KLHL12--CUL3--RBX1 complex (or KLHL12ΔKelch--CUL3--RBX1 complex), E1, E2, and ubiquitin with biotin tags, and were then immunoprecipitated with anti-FLAG antibody. Anti-streptavidin HRP antibody was used to detect ubiquitination of KHSRP. The KLHL12--CUL3--RBX1 complex promoted ubiquitination of KHSRP WT, but not KHSRP (K109, 121, 122R) (Figure [4D](#F4){ref-type="fig"}, lanes 2 and 5). Ubiquitination of KHSRP was reduced when KLHL12 without the Kelch domain was present in the complex (Figure [4D](#F4){ref-type="fig"}, lane 3), indicating that KLHL12 is an important mediator between KHSRP and CUL3 for KHSRP ubiquitination. The results in Figure [4](#F4){ref-type="fig"} indicate Lys109, Lys121, Lys122 to be likely sites for KLHL12-mediated ubiquitination in KHSRP.

KLHL12 does not affect KHSRP stability {#SEC3-5}
--------------------------------------

A ubiquitinated protein may undergo proteosome degradation following ubiquitination, and therefore we assessed the half-lives of KHSRP WT and the reduced ubiquitination variant KHSRP (K109, 121, 122R), using the cycloheximide (CHX) chase assay. KHSRP WT or KHSRP (K109, 121, 122R) constructs with FLAG tags were transfected to RD cells, and then treated with CHX for 0, 3, 6, 9 or 12 h before harvesting to derive cell lysates for monitoring of protein levels. Results showed that the half-lives of KHSRP WT and KHSRP (K109, 121, 122R) were not affected (Figure [5A](#F5){ref-type="fig"}), and we moved on to examine whether KLHL12 affected KHSRP stability. When cells were co-transfected with a fixed amount of KHSRP plasmid (FLAG-KHSRP, 1 μg) and increasing amounts of KLHL12 plasmid (HA-KLHL12, 0--10 μg), expression levels of KHSRP detected by western blot remained the same despite increasing levels of KLHL12 (Figure [5B](#F5){ref-type="fig"}, lane 2 and lanes 4--9). To further confirm that the interaction between KHSRP and KLHL12 is not related to proteasome degradation, we co-transfected cells with KLHL12 alone, KLHL12ΔKelch alone (Figure [5C](#F5){ref-type="fig"}), or both of these constructs with KHSRP (Figure [5D](#F5){ref-type="fig"}), and inhibited proteasome activity with MG132. Endogenous or overexpressed KHSRP protein levels remained the same (Figure [5C](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}) regardless of treatment with MG132 or not (comparing lanes 1--3 to 4--6). Taken together, the results in Figure [5](#F5){ref-type="fig"} indicate that KLHL12 does not affect KHSRP stability.

![KLHL12 does not affect KHSRP stability. (**A**) KHSRP WT or KHSRP (K109, 121, 122R) with FLAG tags were transfected to RD cells, and then treated with 100 μg/ml cycloheximide (CHX) for the indicated times. Cyclin B1 was used as a positive control. Cells were lysed and analyzed by western blotting, using antibodies against FLAG, cyclin B1 and actin. (**B**) RD cells were co-transfected with 1 μg of FLAG-KHSRP and increasing amounts of HA-KLHL12 (0--10 μg). After 48 hours post-transfection, cell lysates were collected, resolved by SDS-PAGE and analyzed by western blot using anti-FLAG and anti-KLHL12 antibodies. (**C, D**) 293T cells were transfected with the indicated constructs, and then treated with 20 μM MG132 or DMSO for 4 h before cell lysis. β-catenin was used as a positive control. Cell lysates were analyzed by western blotting, using anti-FLAG, anti-Myc and anti-β-catenin antibodies.](gkw1042fig5){#F5}

Ubiquitination is crucial for KHSRP downregulation of IRES-driven translation {#SEC3-6}
-----------------------------------------------------------------------------

To investigate the functional impact of KHSRP ubiquitination, we constructed KHSRP knockdown (KD) cells. Both KHSRP shRNA clones 1 and 2 reduced KHSRP protein levels efficiently in comparison to the shLacZ control (Figure [6A](#F6){ref-type="fig"}). We performed an initial *in vitro* translation assay to measure EV71 IRES activity in shLacZ cells and KHSRP shRNA clones 1 and 2. The results indicated that EV71 IRES activity increased to 298% in KHSRP shRNA clone 1 cells, as compared to shLacZ cells. However, EV71 IRES activity in KHSRP shRNA clone 2 cells only increased to 131%. As KHSRP shRNA clone 1 demonstrated better knockdown efficiency and induced higher EV71 IRES activity compared to clone 2, we opted to use clone 1 for further studies. To assess the impact of ubiquitinated KHSRP on EV71-driven translation, an *in vitro* translation assay was applied to measure IRES activity (Figure [6B](#F6){ref-type="fig"}). KHSRP WT or KHSRP (K109, 121, 122R) were co-transfected with HA-Ub to 293T cells, immunoprecipitated by FLAG antibody, and subsequently eluted using 3× FLAG peptides. Ubiquitination levels of KHSRP WT and KHSRP (K109, 121, 122R) were confirmed by western blot (Figure [6B](#F6){ref-type="fig"}, left panel). Subsequently, cell translation extracts of shKHSRP clone 1 were used to support the translation of EV71 5′ UTR-FLuc RNA, either in the presence of ubiquitinated KHSRP WT or the reduced ubiquitination variant (KHSRP (K109, 121, 122R)). Ubiquitinated KHSRP WT decreased IRES activity to 74%, whereas the reduced ubiquitination variant (KHSRP (K109, 121, 122R)) demonstrated no significant differences from buffer control (Figure [6B](#F6){ref-type="fig"}, right panel). We also used shLacZ cells as a control, and EV71 IRES activity showed no significant difference among buffer controls or cells presenting ubiquitinated KHSRP WT or the reduced ubiquitination variant (Supplementary Figure S4). To further confirm the results of this *in vitro* translation assay, an EV71 replicon bearing a replication-defective 3D polymerase (3D^D330A^) was used to monitor the impact of ubiquitinated KHSRP on EV71 translation (Figure [6C](#F6){ref-type="fig"}). We first transfected vector controls or vectors expressing KHSRP WT or KHSRP (K109, 121, 122R) to KHSRP knockdown cells, and then transfected EV71 replicon 3D^D330A^ RNA encoding the firefly luciferase gene. With the equivalent amounts of replicon RNA in all three samples (Figure [6C](#F6){ref-type="fig"}, right panel), FLuc activity was reduced to 78% in KHSRP WT-expressing cells; however, the reduced ubiquitination variant (KHSRP (K109, 121, 122R)) was not able to diminish IRES activity compared to the FLAG control (Figure [6C](#F6){ref-type="fig"}, left panel).

![Ubiquitination is crucial for KHSRP downregulation of IRES-driven translation. (**A**) Cell lysates from KHSRP shRNA knockdown (KD) RD cells were resolved by SDS-PAGE, and then examined using anti-KHSRP and anti-actin antibodies. The cell translation extracts of shLacZ, shKHSRP clone 1, or shKHSRP clone 2 were incubated with EV71 5′ UTR-FLuc RNA, and then the reactions were applied to the Firefly luciferase (FLuc) assay. Experiments were conducted in triplicate, and results were subjected to statistical analysis. Error bars, mean ± SD. \*\*\**P* \< 0.001. (**B**) KHSRP WT or KHSRP (K109, 121, 122R) vectors were co-transfected with HA-Ub, and then subjected to FLAG immunoprecipitation. The KHSRP WT or KHSRP (K109, 121, 122R) proteins were eluted by 3× FLAG peptides, and then incubated with shKHSRP knockdown RD cell translation extracts and EV71 5′ UTR-FLuc RNA. After 90 minutes, the reactions were assayed with the FLuc assay. Experiments were conducted in triplicate, and results were subjected to statistical analysis. Error bars, mean ± SD. P values were calculated on the basis of luciferase activity. \*\**P* \< 0.01, Student\'s two-tailed unpaired *t*-test. (**C**) shKHSRP knockdown RD cells expressing FLAG vector, KHSRP WT, or KHSRP (K109, 121, 122R) were grown for 2 days, and then transfected with EV71 replicon 3D^D330A^ RNA. After 6 h post-transfection, cells were lysed or underwent RNA extraction, and lysates were then assayed with FLuc assay, western blotting, and real-time PCR. Experiments were conducted in triplicate, and results were subjected to statistical analysis. Error bars, mean ± SD. \*\*\**P* \< 0.001, Student\'s two-tailed unpaired t-test. (**D**) The effect of KHSRP WT and KHSRP (K109, 121, 122R) on viral protein synthesis. shKHSRP knockdown RD cells expressing FLAG vector, KHSRP WT or KHSRP (K109, 121, 122R) were grown for 2 days, and then challenged with EV71 at 10 MOI. Synthesized proteins were labeled with (^35^S) methionine at 5--6 h post-infection. The lysates from mock-infected and EV71-infected cells were subjected to SDS-PAGE, and then examined by autoradiography (upper panel) and western blot (lower panel). The indicated viral proteins were identified according to protein size. The levels of (^35^S) methionine-labeled VP1 and 3C^pro^ were quantified and normalized against actin levels, based on two repeated experiments. Error bars, mean ± SD. \*\**P* \< 0.01.](gkw1042fig6){#F6}

In order to investigate how KHSRP ubiquitination affects viral protein synthesis, a (^35^S)-methionine labeling assay was performed in EV71-infected cells. KHSRP knockdown cells were expressed with FLAG vector, KHSRP WT, or KHSRP (K109, 121, 122R), and then infected with EV71 at a MOI of 10. Newly synthesized viral proteins were diminished in KHSRP WT-expressing cells at 5--6 h post-infection (Figure [6D](#F6){ref-type="fig"}, lane 5). The reduced ubiquitination variant (KHSRP (K109, 121, 122R)) had comparable viral protein expression to FLAG vector control (Figure [6D](#F6){ref-type="fig"}, lanes 4 and 6). The quantified results of viral protein VP1 and 3C^pro^ shown in Figure [6D](#F6){ref-type="fig"} indicate that VP1 and 3C^pro^ expression was lower in KHSRP WT-expressing cells as compared to cells expressing FLAG vector and the reduced ubiquitination variant. These results indicate that the ubiquitination of KHSRP is essential for its downregulatory effect on EV71 IRES-driven translation.

Ubiquitination status affects the capability of KHSRP to compete against FUBP1 {#SEC3-7}
------------------------------------------------------------------------------

To confirm whether ubiquitination affects KHSRP binding to EV71 IRES, lysates from cells overexpressing KHSRP WT or KHSRP (K109, 121, 122R) were incubated with biotinylated EV71 IRES RNA. Increasing amounts of nonbiotinylated EV71 5′ UTR or yeast tRNA probe were added as competitors. Streptavidin beads were used to pull down biotinylated RNA, and it was found that the interaction between KHSRP WT or the KHSRP (K109, 121, 122R) variant with EV71 5′ UTR RNA could be competed by nonbiotinylated EV71 5′ UTR, but not nonbiotinylated yeast tRNA, demonstrating that KHSRP WT and the KHSRP (K109, 121, 122R) variant bind to the EV71 5′ UTR region specifically (Figure [7A](#F7){ref-type="fig"}). We speculated that although both KHSRP WT and the reduced ubiquitination variant can still associate with the EV71 IRES, the competitive capability of KHSRP against other positive ITAFs may possibly be affected by ubiquitination. To address this question, a competition assay was performed (Figure [7B](#F7){ref-type="fig"}--[D](#F7){ref-type="fig"} and Supplementary Figure S5). PTBP1, FUBP1 and PCBP2 are known to be positive regulators of picornavirus IRES. Lysates from cells overexpressing KHSRP WT or KHSRP (K109, 121, 122R) were incubated with biotinylated EV71 IRES RNA and increasing amounts of recombinant PTBP1, FUBP1 or PCBP2 proteins, to evaluate the EV71 IRES RNA competition dynamics for KHSRP, reduced ubiquitination variant KHSRP, and these positive ITAFs. The results indicated that increasing amounts of PTBP1 (Figure [7B](#F7){ref-type="fig"}) and FUBP1 (Figure [7C](#F7){ref-type="fig"}) weakly compete with both KHSRP WT and the reduced ubiquitination variant for binding to EV71 5′ UTR RNA, while PCBP2 was unable to compete against both forms of KHSRP (Figure [7D](#F7){ref-type="fig"}). We noted that PTBP1 competed slightly more effectively against reduced ubiquitination variant KHSRP as compared to KHSRP WT, with the differences being statistically significant (Figure [7C](#F7){ref-type="fig"}, lanes 3--5). In addition, FUBP1 also outcompeted KHSRP (K109, 121, 122R) more readily than KHSRP WT (Figure [7C](#F7){ref-type="fig"}, lanes 4 and 5). We further used KHSRP WT or KHSRP (K109, 121, 122R) to conduct a reverse competition assay against PTBP1, FUBP1 and PCBP2 (Supplementary Figure S5). Interestingly, increasing levels of KHSRP and KHSRP (K109, 121, 122R) outcompeted FUBP1 for binding to EV71 5′ UTR RNA, but were unable to affect PTBP1 and PCBP2 binding (Supplementary Figure S5B and S5C). However, although 0.5 μM of KHSRP (K109, 121, 122R) led to clearly enhanced competitive capability against FUBP1, competition results remained static despite an increase in KHSRP (K109, 121, 122R) to 2 μM (Supplementary Figure S5C). By contrast, increasing KHSRP WT levels appeared to enhance competitive capability against FUBP1 (Supplementary Figure S5B, lanes 3--5). The ubiquitination status of KHSRP WT and KHSRP (K109, 121, 122R) were assessed by western blot (Supplementary Figure S5A). The results suggest that KHSRP WT can better compete against FUBP1 for binding to EV71 5′ UTR RNA, as compared to KHSRP (K109, 121, 122R), and demonstrate that ubiquitination status may affect the ability of KHSRP to compete against FUBP1 for binding to EV71 IRES RNA.

![Reduction of KHSRP ubiquitination diminishes the competitive capability of KHSRP against FUBP1. (**A**) RD cells overexpressing KHSRP WT or KHSRP (K109, 121, 122R) were incubated with biotinylated EV71 5′ UTR RNA. Nonbiotinylated EV71 5′ UTR RNA (lanes 2, 4--6) or yeast tRNA (lanes 8, 10--12) were used in the competition assay. Increasing amounts of (**B**) PTBP1, (**C**) FUBP1, and (**D**) PCBP2 recombinant proteins were added to compete with KHSRP WT or KHSRP (K109, 121, 122R) in interacting with biotinylated EV71 5′ UTR. Biotinylated EV71 5′ UTR and associated proteins were pulled down by streptavidin beads, and then analyzed by western blotting, using antibodies against FLAG, PTBP1, His and PCBP2.](gkw1042fig7){#F7}

DISCUSSION {#SEC4}
==========

Translation initiation in eukaryotic mRNA can be triggered by two different mechanisms, cap-dependent translation and IRES-dependent translation. Picornaviruses are known to utilize IRES for translation initiation, and this process is regulated by several cellular proteins, termed ITAFs. Most known ITAFs are positive regulators of picornavirus IRES, but this may be because there is less literature available regarding negative ITAF regulators. Here, we use EV71 as a model to illustrate how KHSRP, a negative ITAF, downregulates EV71 IRES-driven translation. In this study, we utilized iTRAQ-LC-MS/MS analysis to identify KHSRP-associated proteins. We found that KHSRP associates with KLHL12, and stable isotope labeling by amino acids in cell culture (SILAC) confirmed that KLHL12 associates with KHSRP upon EV71 infection (Supplementary Table S1). KLHL12, a BTB-domain containing protein, is a member of the KLHL (Kelch-like) family ([@B34]). Several studies have reported that KLHL12 is a substrate adaptor of the CUL3 ubiquitin ligase complex, which can promote Dishevelled (Dsh) ubiquitination and degradation to negatively regulate the Wnt--β-catenin pathway ([@B29]). Moreover, the CUL3--KLHL12 ubiquitin ligase complex is known to monoubiquitinate SEC31 to regulate COPII vesicle coat formation ([@B31]), and can also promote polyubiquitination of the dopamine D4 receptor, but without causing degradation ([@B30],[@B36]). Our results show that KHSRP, KLHL12 and CUL3 can form a complex to promote KHSRP ubiquitination (Figure [3](#F3){ref-type="fig"}), and this subsequently alters KHSRP regulation of EV71 IRES-driven translation.

Many ITAFs are nuclear-resident proteins, but in the event of picornavirus infection, nuclear pore complexes (NPC) are disrupted to induce redistribution of these factors ([@B7]). In previous research, we found that KHSRP, a nuclear protein, redistributed to the cytoplasm upon EV71 infection ([@B13]). In this study, we found that KHSRP colocalized in the cytoplasm with KLHL12 in EV71-infected cells (Figure [2D](#F2){ref-type="fig"}). We also noted that both KLHL12 and viral protein 2B accumulated in specific cellular compartments around the nucleus: KLHL12 is involved in ER-Golgi transport and localizes to the endoplasmic reticulum (ER) ([@B31]), while the picornavirus 2B protein also localizes in the ER and Golgi complex ([@B37],[@B38]). These findings suggest that KLHL12 and viral protein 2B may colocalize in the ER, and this could be related to formation of the viral replication complex.

Although several ITAFs, such as HNRNPA1 and tumor suppressor programmed cell death 4 (PDCD4), have been reported to act as negative regulators of cellular IRES ([@B39],[@B40]), to the best of our knowledge, the question of whether ubiquitination modulates ITAF function with regard to IRES-mediated translation has not been previously addressed. To determine the effects of ubiquitinated KHSRP on EV71 IRES-driven translation, we first sought to identify the ubiquitination sites of KHSRP. Lys109, Lys121 and Lys122 residues, located in the nuclear localization signal (NLS) of KHSRP, represent potential ubiquitination sites. When we replaced all three lysine residues to arginine (K109R, K121R and K122R), we found that the resulting KHSRP variant (K109, 121, 122R) remained in the cytoplasm, but the wild-type form of KHSRP was imported into the nucleus (Supplementary Figure S6). In order to maintain KHSRP WT in the cytoplasm to observe its effect on EV71 IRES-driven translation, we transfected the EV71 replicon into cells, and then forced wild-type KHSRP to relocalize to the cytoplasm (Supplementary Figure S6). The *in vitro* translation assay and (^35^S)-methionine labeling assay were also applied to determine the effects of ubiquitinated KHSRP WT and the reduced ubiquitination variant on EV71 IRES-driven translation. The results indicate that ubiquitinated KHSRP serves as a negative regulator in EV71 IRES translation (Figure [6B](#F6){ref-type="fig"}--[D](#F6){ref-type="fig"}); moreover, the reduced ubiquitination variant could not downregulate EV71 IRES-driven translation despite remaining in the cytoplasm, and this excludes the possibility of cellular localization acting as a differentiating factor. Combined with our results in Figure [2A](#F2){ref-type="fig"}, we found that the C-terminal domain of KHSRP interacts with KLHL12, leading to ubiquitination of KHSRP at the N-terminal domain. In a previous study, we found that the C-terminal domain is important for KHSRP to play a negative role in EV71 translation ([@B17]), and this study further confirms that the C-terminal domain of KHSRP is critical to KHSRP--KLHL12 interaction; without the C-terminal domain (KHSRP~1--503~), ubiquitination of KHSRP~1--503~ cannot be enhanced by KLHL12 (Figure [3D](#F3){ref-type="fig"}). Together, this shows that KHSRP likely interacts with KLHL12 to result in KHSRP ubiquitination and negative regulation of EV71 translation.

Ubiquitination can cause protein degradation in a proteasome-dependent manner, or otherwise alter protein function by changing topology ([@B41]). We sought to elucidate whether ubiquitination of KHSRP through the KLHL12-based CUL3 E3 ligase complex leads to degradation or not. Protein expression levels of KHSRP were not significantly affected by increasing levels of KLHL12 or by treatment with the proteasome inhibitor MG132 (Figure [5](#F5){ref-type="fig"}). However, the observed major modification of KHSRP may alter protein function, and from the results in Supplementary Figure S2, we speculated that this major modification may be di-ubiquitination of KHSRP. We have found that KHSRP is cleaved by caspase activation, proteasome activity, and autophagy at a late point of EV71 infection (10 h.p.i). Moreover, ubiquitination of KHSRP was previously found to be enhanced in RD cells treated with MG132 ([@B17]). A different cell line (293T cells) was used to observe ubiquitination of KHSRP in this study, and major modification of KHSRP was seen in 293T cells, but not in RD cells. This suggests that the presence of other ubiquitination sites or different modes of ubiquitination or modification (such as sumoylation) cannot be ruled out for KHSRP. Still, Lys109, Lys121 and Lys122 represent critical sites for KHSRP ubiquitination and regulation of IRES-driven translation. Moreover, we observed KHSRP--KLHL12 interactions at 6 hours post-infection with EV71 (Figure [2](#F2){ref-type="fig"}), but KHSRP was shown to be cleaved at 10 hours post-infection ([@B17]), suggesting that host cells may modulate KHSRP to serve as a negative regulator that suppresses EV71 IRES-driven translation initially. However, EV71 eventually triggers several pathways that result in KHSRP cleavage at a later point after infection.

We hypothesized that ubiquitination may alter the capability of KHSRP to compete against other positive ITAF regulators for binding to the EV71 IRES, and therefore we selected the positive ITAFs, PTBP1, FUBP1 and PCBP2, to conduct a competition assay for binding to EV71 5′ UTR RNA (Figure [7B](#F7){ref-type="fig"}--[D](#F7){ref-type="fig"} and Supplementary Figure S5). The results showed that PTBP1 and FUBP1 can outcompete KHSRP WT and KHSRP (K109, 121, 122R) (Figure [7B](#F7){ref-type="fig"} and [C](#F7){ref-type="fig"}), while KHSRP WT and KHSRP (K109, 121, 122R) can outcompete FUBP1 (Supplementary Figure S5B and S5C); however, no competition was observed between PCBP2 and KHSRP WT or KHSRP (K109, 121, 122R) (Figure [7D](#F7){ref-type="fig"} and Supplementary Figure S5B and S5C), and neither KHSRP WT nor KHSRP (K109, 121, 122R) were able to outcompete PTBP1 (Supplementary Figure S5B and S5C). In a previous study, we found that KHSRP interacts with nt 1--167 (stem loop I-II), 91--228 (stem loop II-III), and 566--745 (stem loop VI to linker region) in the EV71 IRES ([@B13]). The binding region of FUBP1 is located at nt 636--745 (linker region) in the EV71 IRES ([@B16]), while PTBP1 is thought to interact with stem loop V and its flanking regions in the poliovirus IRES ([@B42]), and PCBP2 is known to bind with stem loop IV of the poliovirus and EV71 IRES ([@B5],[@B43],[@B44]). It is possible that the KHSRP proteins could not outcompete PTBP1 and PCBP2 because the respective binding regions on the EV71 5′ UTR of these three proteins are all different; however, as both KHSRP and FUBP1 bind to the linker region, competitive activity was observed. FUBP1 weakly competes with KHSRP WT and KHSRP (K109, 121, 122R) (Figure [7C](#F7){ref-type="fig"}), but KHSRP proteins appear to compete more strongly against FUBP1 (Supplementary Figure S5B and S5C), suggesting that KHSRP may have stronger binding affinity to the EV71 5′ UTR than FUBP1. These results lend support to our hypothesis that ubiquitination primarily serves to improve the competitive binding ability of KHSRP against FUBP1 and possibly other positive ITAFs at the EV71 IRES, rather than altering the binding site of KHSRP on the EV71 IRES.

In summary, we demonstrate that KHSRP acts as a negative regulator in EV71 IRES-mediated translation via ubiquitination by the KLHL12-based CUL3 E3 ubiquitin ligase complex. Although ubiquitination is known to regulate cap-dependent translation, our results elucidate a new regulatory mechanism by which ubiquitination regulates cap-independent IRES-driven translation by modulating ITAFs. Specifically, we found that KHSRP serves as a negative regulator in EV71 translation, and ubiquitination at the Lys109, Lys121 and Lys122 residues enhances the ability of KHSRP to compete against other positive ITAF regulators at the EV71 IRES. This represents a novel mechanism by which viral IRES-driven translation is mediated by ubiquitination of host ITAFs, and may have important implications for the future study of viral--host interactions and the development of anti-viral drug targets.
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